We sought to determine if hyperglycaemia is responsible for increased retinal vascular endothelial-cell (RVEC) endocytosis in diabetes and to assess the role of nonenzymatic glycosylation in mediation of this novel endothelial-cell pathology. RVECs were propagated in media containing either 5 or 25 mmol/1 glucose for up to 10 days after which they were exposed to the protein tracer horseradish peroxidase for 30 min. The level of RVEC endocytosis was quantified in intact cell monolayers by electron microscopic stereology, and in cell lysates by a simple spectrophotometric method. The effect of the nonenzymatic glycosylation inhibitors, aminoguanidine and D-lysine, on high-glucose medium induced changes in RVEC endocytosis was tested by inclusion of these agents in the culture medium. RVECs exposed to 25 mmol/1 glucose showed a stepwise increase in endocytosis of horseradish peroxidase culminating in a two-to threefold increase after 10 days. Endocytosis returned to normal levels after a further 10 days in 5 mmol/1 glucose medium. The increase in RVEC endocytosis was markedly reduced, but not completely normalised, by aminoguanidine and D-lysine. Exposure of cultured RVECs to 25 mmol/1 glucose causes an increase in endocytosis of similar magnitude to that experienced by RVEC in early diabetes, and implicates hyperglycaemia in the latter situation. A significant component of the increase in RVEC endocytosis appears to be mediated by nonenzymatic glycosylation. [Diabetologia (1995[Diabetologia ( ) 38: 1271[Diabetologia ( -1275 Key words Endocytosis, high glucose, nonenzymatic glycosylation, endothelium.
A recent study has shown a more than sixfold increase in endocytosis of horseradish peroxidase (HRP) by the endothelium of the retinal microvessels in 6-week diabetic rats, without an associated increase in capillary permeability [1] . This finding is in accord with many previous studies which have demonstrated an increased clearance of intravascular protein tracers by the retina of streptozotocin diabetic rats after similar durations of diabetes [2, 3] . The cause of increased endothelial-cell endocytosis in early diabetes is not known, but it has been speculated that increased endocytosis in retinal capillary endothelial cells may be influenced by even short periods of hyperglycaemia [1] .
In view of the complexity of the diabetic milieu, it was decided to investigate the effect of glucose on endocytic activity, measured as HRP uptake, using quantitative electron microscopy in intact cells and spectrophotometric analysis of cell lysates in a simple tissue culture model of bovine retinal vascular endothelial cells (RVECs) propagated under normal and high glucose conditions. It has been suggested that nonenzymatic glycosylation of RVEC plasma membrane components could represent a specific signal for recognition and degradation of senescent molecules [4] . This could lead directly to an increase in membrane turnover. Therefore, the effect of the non-enzymatic glycosylation inhibitors aminoguanidine and D-lysine on increased endocytosis due to high glucose levels was also investigated in the cell-culture model.
Materials and methods
Cell culture. RVECs were isolated from cows' eyes as previously described [5] . Throughout the investigation, RVECs were grown to confluent monolayers in Dulbecco's modified Eagle's medium (DMEM) containing 20 % fetal calf serum, although prior to setting up experimental conditions the cells were serum-starved for 24 h to ensure synchrony of their growth cycles. Under experimental conditions. RVECs were maintained in DMEM containing either 5 or 25 mmol/1 glucose and 20 % fetal calf serum. The 5 mmol/1 glucose medium osmolality was raised to that of the 25 mmol/1 medium by the addition of mannitol. For all experiments, unless otherwise stated, RVECs of passage 4 to 9 (p4 to p9) were used.
A. W. Stitt et al.: Glycation inhibitors modulase endocytosis normalisation of medium glucose concentration. RVECs were maintained in 5 and 25 mmol/1 glucose for 10 days. One batch of cells from each group was propagated in medium supplemented with 5 mmol/l aminoguanidine while a second batch was maintained in medium containing 25 mmol/1 D-lysine. The remaining flask in each group was maintained as a 5 or 25 mmol/1 glucose control.
In a second experiment, RVECs which had been propagated in 25 mmol/1 glucose for 10 days, were divided into two groups prior to a further 10 days in culture. One group was transferred to 5 mmol/1 glucose medium for the extra 10 days, while the second remained in 25 mmol/1 glucose during that period (20 days).
At the end of each regimen described in this section the cells were exposed to HRP (100 btg/ml) for 30 min after which they were washed and assayed for endocytosed HRP as outlined below.
A minimum of nine replicate experiments were performed for each condition. It was ensured that at least three experiments were carried out on RVECs derived from any one isolation.
Experiment (i):
Estimation of endocytic activity in RVECs grown in high and low glucose medium using quantitative electron microscopy (stereology). RVECs were grown to confluency in DMEM containing 5 retool/1 glucose. After 6 days the cells were seeded into 12-well culture plates and maintained in normal or high glucose culture conditions. Following 10 days incubation, the ceUs in both plates were washed briefly with phosphate buffered saline and HRP (Sigma, type II, Poole, Dorset, UK) added at a concentration of 100 ~tg/ml in basal DMEM. After 30 rain incubation at 37 ~ the cells were washed thoroughly with phosphate buffered saline and fixed for 2 h in situ in 2.5 % glutaraldehyde in 0.1 tool/1 cacodylate buffer containing 10 mmol/1 magnesium chloride.
Both plates were then incubated in a mixture containing diaminobenzidine and hydrogen peroxide for the electron microscopic demonstration of HRP as previously described [6] . The cells were then washed in buffer, post-fixed in 2 % osmium tetroxide, dehydrated and embedded in situ in Spurr's resin.
Ultrathin transverse sections were prepared by cutting the interface of the embedding resin and the culture dish and mounted on 400-mesh copper grids. In the electron microscope, the small size of grid space in each field of view provided random selection points for cells appearing adjacent to grid bars. An image of each selected cell was transferred directly to an image analysis system and the volume density (v/v) of cell cytoplasm and HRP-filled endocytic organelles estimated using a digital stereology package (Kinetic Imaging Ltd., Liverpool, UK). A total of 70 images, from four separate wells for each treatment, was estimated blind by an investigator familiar with RVEC endosomal morphology.
Experiment (ii):
Increased RVEC endocytosis: relationship to duration of high glucose exposure. Replicate 25-ml Falcon flasks were seeded at 5 x 10 4 cells/flask. One group of flasks was maintained in 5 mmol/1 glucose medium while another was maintained in 25 mmol/1 glucose medium. At days 4, 7 and 10, a flask of cells from each group was exposed to HRP (100 ~,g/ml in DMEM) for 30 min at 37 ~ washed in phosphate buffered saline and assayed for HRP content by the spectrophotometric method outlined below.
Experiment (iii): Increased RVEC endocytosis in high glucose: modification by inhibitors of nonenzymatic glycosylation or
Spectrophotometric assay for endocytosed HRP in RVECs. All cells for HRP spectrophotometric assay were washed thoroughly in situ with phosphate buffered saline, detached by trypsinisation, washed again, pelleted, and resuspended in i ml of citrate-phosphate buffer (pH 5.0). At this point, a 100-~tl sample was taken from each cell suspension, stained with trypan blue and the cell density and viability estimated using a haemocytometer. The remaining cells were then subjected to ultrasonic disruption for 30 s and centrifuged to leave a cell lysate containing previously intracellular HRE For spectrophotometric assay, 50@ samples of this lysate, together with 50 ~tl of citrate-phosphate buffer containing o-phenylenediamine 4 retool/1 and 0.004 % H202 were pipetted onto a 96-well ELISA plate. The plate was then gently agitated in darkness at room temperature and the reaction stopped after i h with 0.2 mol/1 H2SO 4. When o-phenylenediamine is employed as hydrogen donor, HRP yields a soluble brown reaction product, the optical density of which may be read using a multiplate reader at 492 nm. Before comparison of HRP activity between test and control cells, the results for each batch were corrected for cell number according to the haemocytometer counts obtained above. Unless stated otherwise, all drugs and reagents were obtained from the Sigma Chemical Company.
Statistical analysis
Statistical analysis was performed using the Wilcoxon rank sum test.
Results

Experiment (i) Qualitative results. Electron-dense
HRP reaction product was observed in the endosomal compartment of the RVECs and qualitatively there appeared to be a greater density in ceils grown in 25 mmol/1 glucose compared to those grown in 5 retool/1. The endosomal compartments containing HRP (Fig.l) internal surface of the limiting membrane (300-350 nm diameter), and large multivesicular bodies (500-600 nm diameter).
Experiment (i) Quantitative results.
Stereological analysis (Fig. 2 ) demonstrated that after 10 days under test conditions the level of R V E C endocytosis, as measured by the volume fraction of HRP-containing endosomes, was 380 % greater in cells exposed to 25mmol/1 glucose than in those maintained in 5 mmol/1 glucose (p < 0.001).
Experiment (ii).
R V E C exposed to either normal (5 mmol/1) or high (25 mmol/1) ambient glucose levels did not show any difference in cell viability which was generally over 95 %. Cells cultured under high glucose conditions for 4 days revealed a small, but statistically insignificant increase in R V E C endocytosis as measured by the relative activity of internalised H R P in the spectrophotometric assay (Fig. 3) . However, after 7 days, endocytosis in the 25 mmol/1 glucose cells was found to be 120 % over that of the 5 mmol/1 glucose cells (p < 0.002) and this difference increased to 230 % after 10 days (p < 0.001).
Experiment (iii). Aminoguanidine and o-lysine re-
duced the high glucose-induced increase in R V E C endocytosis to +90 and +44% of the respective 5mmol/1 glucose controls (p <0.001) (Fig.4) . Neither of these agents had a significant influence on en- (Fig.4) . Endocytic activity in RVECs (returned to 5 mmol/1 glucose for 10 days following 10 days in 25 mmol/1 glucose) was not significantly different from ceils which had never undergone elevated glucose concentrations (Fig. 4) . RVECs which were exposed to continuing high ambient glucose levels (20 days) did not show any further increase in endocytosis when compared to cells exposed to such conditions for 10 days (Fig.4) .
Discussion
This study has used a simple spectrophotometric assay on lysates of cultured RVECs reflecting the degree of endocytic activity under different conditions. The complementary morphological technique used confirmed the internalisation of the tracer by the endosomal system of the cultured RVECs and strongly correlated with the degree of endocytosis as assessed by spectrophotometry.
The enormous increase in RVEC endocytosis in response to high glucose levels in the present study strongly suggests that the similarly exaggerated endocytic activity in RVECs during early streptozotocin diabetes in rats [1] occurs as a consequence of by-A. W. Stitt et al.: Glycation inhibitors modulase endocytosis perglycaemia, and not some other element of the diabetic milieu. It has also been shown that the high glucose-associated increase in endocytosis observed in cultured RVECs is significantly reduced by two different inhibitors of nonenzymatic glycosylation, and normalised by returning the cells to low glucose-containing media.
The various endosomal compartments showing internalised HRP in the present study were similar in structure to those previously described in cultured RVECs [5] and other non-vascular-cell types [7, 8] . However, as HRP acts as a marker of "fluid-phase", adsorptive, and receptor-mediated endocytosis [1] , it is not possible to identify which component of plasma membrane internalisation is chiefly affected by exposure of RVECs to high glucose media.
In spite of the vast difference in the technologies used to assess RVEC endocytosis in the current investigation, the markedly greater increase in the volume fraction of HRP-stained endocytic organelles (380 %) as measured by electron microscope stereology, compared to the increase in the enzymatic activity of endocytosed HRP (230 %) in the spectrophotometric assay, deserves some comment. A direct comparison of the ratios of endocytosis obtained from the two assays would have to assume the unlikely situation of an equal concentration of HRP being present throughout all the endocytic compartments visualised in the electron microscope study. Also, as HRP was only present within the glycocalyx on the internal surface of many of the endosomes, much of the measured volume fraction does not contain HRR Therefore, cells with more endosomes (RVECs in 25 mmol/1 glucose) will contain a greater proportion of "empty" endosome volume fraction than cells with fewer endocytic vacuoles (RVECs in 5 mmol/1 glucose).
High glucose levels have been shown to increase nonenzymatic glycosylation, the products of which have been implicated in a wide variety of pathological mechanisms associated with diabetes and aging [9, 10] . The initial stages of protein glycation are reversible and the early intermediates appear to be less important in the complications of diabetes than advanced glycosylation end products (AGEs). AGEs induce more significant protein modification than early glycation products [9] [10] [11] . It was, therefore, of interest that in the current investigation, the amino acid D-lysine, a competitive inhibitor of early nonenzymatic glycosylation [12, 13] , produced a more profound reduction in RVEC endocytosis than aminoguanidine. However, both can inhibit the distal AGE product formation and both may interact with the same AGE intermediate, following the formation of an Amadori product [14] . Moreover, intracellular accumulation of AGEs in endothelial cells [15] follows a similar time-course to the increase endocytic activity described in the present study.
It is noteworthy that the increased endocytic activity in RVEC exposed to high glucose medium for 20 days was similar to that of cells exposed for 10 days. This may reflect saturation of the mechanisms reponsible for endocytosis following 10 days of exposure to 25 mmol/1 glucose. Normalisation of RVEC endocytosis by 5 mmol/1 glucose following 10 days pre-exposure to 25 mmol/1 glucose, may suggest that rapid and reversible membrane glycation, is of greater importance in the mediation of increased RVEC endocytosis, than the effects of long-lived AGEs. However, it has recently been shown that AGEs may influence even short-lived proteins [15] and, therefore the return to normal endocytic function (10 days) after 25 mmol/1 glucose exposure may still implicate AGEs in this phenomenon. It may also be speculated that glycation damage of important structural or receptor proteins on the RVEC apical plasma membrane may be interpreted by the cell as physiological aging, thereby initiating plasma membrane recycling, a process dependent upon the endocytic pathway [16] , It is possible that even very low concentrations of AGEs within the plasma membrane may accelerate membrane recycling and that the differential in the efficacy of D-lysine and aminoguanidine may be explained by the lower medium concentration of the latter agent (concentrations of aminoguanidine higher than 5 mmol/1 were found to produce significant growth inhibition in RVECs, unpublished observations). In such a scenario the normalisation of endocytosis following return of the cells to 5 mmol/1 glucose could be explained by the removal of plasma membrane AGEs by endocytosis.
The failure of both D-lysine and aminoguanidine to reduce the high-glucose-related increase in RVEC endocytosis to normal levels, suggests that while more than one endocytosis-dependent plasma membrane function may be stimulated by high glucose levels, not all may be influenced by glycosylation. It is therefore of interest that activation of protein kinase C, which is known to occur in vascular endothelium in diabetes [17] , has been implicated in the control of both "fluid-phase" endocytosis [18] and receptormediated endocytosis in certain systems [19] . Future studies incorporating inhibition of both protein kinase C and nonenzymatic glycosylation, and the use of tracers which are only internalised by receptor-mediated endocytosis, should help clarify this issue.
